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© Tape edge tracking servo compatible with dedicated servo tape formats. 

Fig.l 



© A method and apparatus performs the detection 
of an edge of a tape and further controls the 
read/write head to position itself relative to the de- 
tected edge. An array of photodetectors in an in- 
tegrated circuit chip senses the intensity of light 
illuminating the chip with the tape running between 
the light source and the photodetectors. A light-to- 
dark transition is formed which is indicative of the 
edge of the tape. 
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BACKGROUND OF THE INVENTION 

The invention relates to a system for tracking 
the edge of a magnetic medium or an optical 
medium as wall as tracking the data thereon. 

In high speed magnetic tape reading and writ- 
ing units ("tape streamers"), the data is read from, 
or written in, a plurality of data tracks which run 
parallel to the edges of a magnetic tape. The 
write/read head of the system must, therefore, be 
accurately positioned over a selected track to read 
the data from the selected track or to write new 
data in the track. It is known, for example, from 
U.S. Patent No. 4,476,503 to position the write/read 
head by first locating an edge of the tape, and then 
moving the head a specified distance from the 
edge to the desired track, the tracks being dis- 
posed on the tape at respective known distances 
from the edge. 

It is a problem in this technology, however, that 
in practice the tape will not travel in a constant, 
perfectly straight path. The tape in moving will 
meander slightly and will follow an irregular serpen- 
tine path. The position of the edge must be con- 
stantly monitored with high accuracy and the posi- 
tion of the head is constantly adjusted through a 
feedback system because data tracks are usually 
packed so closely together on the tape that a small 
change in the edge position, in the absence of a 
corresponding change in the position of the head, 
can cause the head to be adjacent a track other 
than the desired track. 

Various tracking systems are known in the art 
for many purposes, such as a transducer which 
may be positioned relative to a recording tape 
edge in an optical system. A light transmitter, such 
as a point source illuminating both the tape and a 
photo sensor, may be partly covered by the tape 
and placed in a fixed position relative to the light 
source and the transducer. The diameter of the 
photo sensor must be greater than the expected 
transversal range of movement of the tape. A con- 
trol system allows the transducer to follow the 
transversal displacements of the tape. 

Another known alternative embodiment imple- 
ments a fixed position light emitting bar as the light 
source, and a photo sensor which is rectangular 
and of the same length as the light emitting bar 
and fixed to the transducer itself. This embodiment 
allows for the positioning of a recording head or a 
transducer relative to the tape edge for a multi- 
track recording system. Each position requires one 
reference input to the position controller, of the 
transducer. This allows a signal proportional to the 
position of the transducer relative to the edge of 
the tape to be used as an input for the controller, 
which thereafter sends an error signal proportional 
to the difference between the reference and the 



output of the photo sensor to a motor which con- 
trols the position of the transducer. There are, 
however, several drawbacks to such a system. In a 
first version of the system, the transducer is nor- 

5 mally placed between two tape guides and the light 
beam must be placed between one guide and the 
transducer itself. The problem is that the drift direc- 
tion at the position of the light beam and at the 
position of the transducer can be different. A sec- 

w ond version of this system corrects this drift prob- 
lem; however, since the output from the photosen- 
sor is an analog signal, the system is subject to 
additional problems. The most severe problem is 
its sensitivity to small dust particles. With a mag- 

75 netic medium, such particles settle on the illumi- 
nated part of the photodiode, and it is difficult to 
detect the occurrence of and to compensate for 
such noise. Updating of the DC output from the 
photodiode each time the transducer is placed in a 

20 given position is not possible. In addition, the sys- 
tem is sensitive to stray light pickup unless syn- 
chronous detection is used. Similarly, stray light 
pickup is difficult to compensate for unless the tape 
drive is completely shielded from external light 

25 sources. The use of an infrared source may help, 
but the stray light pickup is still a problem since 
infrared light may as well be present as back- 
ground noise. In a dynamic tracking system, stray 
light pickup normally contains 100 Hz or 120 Hz 

30 components which will disturb a tape edge tracking 
servo unless synchronous detection is used. If an 
infrared light source is used, the photodiode may 
need a filter which is translucent for the wavelength 
used. This causes the distance from the tape to the 

35 photodiode to be increased which in turn reduces 
the sharpness of the transition zone between the 
light and dark area of the detector. 

Another known method has a magnetic tape 
passing over a fixed recording/reading head which 

40 is automatically balanced in a vertical direction. 
The nominal vertical position of the tape is deter- 
mined by at least one set of photo sensors and 
light emitting diodes and arranged such that the 
tape edge(s) partially covers the photo sensor(s). A 

45 typical arrangement embodies two sets of sensors, 
one for the lower edge and one for the upper edge 
of the tape. In this embodiment, the head is ad- 
justed and fixed in a position which corresponds to 
equal outputs from the two sensors when the tape 

50 is placed in its nominal position. A control signal is 
obtained by simply taking the difference between 
the outputs from the sensors. The error signal is 
fed to a motor in a mechanical arrangement ca- 
pable of adjusting the position of the tape. Such a 

55 system is susceptible to the same type of errors as 
discussed in the above system. 

Another embodiment contains two sets of light 
emitters and receivers very similar to the one de- 
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scribed in the preceding paragraph. Problems typi- 
cal with an analog proportional system, such as 
difficulties with adjusting and maintaining equal 
light levels in the two emitters and a circuit for 
manually balancing or trimming the AC light levels 
and automatically the DC levels, are still present. 
The system is inherently susceptible to differences 
which may occur after the factory adjustments of 
the light in the two channels; such manual adjust- 
ment increases both the production and the com- 
ponent cost of the product. 

An automatic track following system is also 
known which uses at least two separate detecting 
heads with read gaps wider than the written tracks 
and where the gaps have azimuth angles of equal 
values but of opposite rotational sign. During track- 
ing, the centers of the azimuth head follows the 
centers of the corresponding two signal tracks. 
When the tracks drift away from the center posi- 
tions of the azimuth heads, a lead/lag error signal 
can be extracted from the two heads if the informa- 
tion signal tracks contain some type of known 
synchronization, e.g. if video sync pulses have 
been recorded in parallel on both tracks. The polar- 
ity of the lead/lag signal determines the direction to 
move the head, and its value is proportional to the 
error if the tracks are located within the range of 
the azimuth gaps. Since auxiliary read gaps are 
used, responding only to the video sync pulses of 
long wavelengths, the azimuth angle can be toler- 
ated. The extra tape noise from the unrecorded 
data can be tolerated in the timing channels due to 
the lower bandwidth requirement. However, the pri- 
mary disadvantage of such a system is the inher- 
ent weakness of using azimuth heads for tracking, 
since such allows for a very limited linear tracking 
range. If tracking is disturbed, the control system 
has no information available about the direction to 
move the head. Noise pulses may cause head 
movement in the wrong direction as well. The head 
must be moved to the nominal position before the 
tracking system can be activated after a loss of the 
lead/lag signal, or a track seeking algorithm must 
be activated to start recovery. Another disadvan- 
tage is the added cost of the extra read heads. 
Such tracking systems are best suited for helical 
scan tape formats where the tracking can imme- 
diately lock on neighbor tracks if disturbed. Such a 
disturbance can be tolerated in some consumer 
analog video tape recorders (single frame loss or 
disturbance) or in helical scan data storage sys- 
tems where interleaved data frames and error cor- 
rection permits the loss of a track. 

Another known embodiment proposes a two 
channel system for data recording where two azi- 
muth read heads are used to derive the tracking 
error from the time skew between the read data 
clocks of the channels. The timing pulses are not 



so easily available as the sync pulses used in other 
prior art devices. However, this device does not 
require separate azimuth read heads, since the two 
write heads also have azimuth angles of opposite 

5 sign. The signals are either read back while writing 
by two aligned read heads with the same azimuth 
angles, or by the same write heads in simpler tape 
drives. An advantage of this system is greater 
information packing density, since no guard bands 

10 between tracks in the information area of the tape 
are needed. This device, however, is limited in the 
linear tracking range since it requires a very ac- 
curate open-loop mechanical positioning mecha- 
nism in addition to the servo mechanism. An addi- 

75 tional problem is the compensation or calibration of 
the time skew between the channels especially 
when reading tapes written in other drives. Yet 
another disadvantage is that if backward compati- 
bility with older tape formats written without azi- 

20 muth is to be maintained, at least one set of zero- 
azimuth read and write gaps must be provided. If 
one of the two write gaps is without an azimuth 
angle, half of the timing error is present as com- 
pared to a double azimuth scheme. The crosstalk 

25 from neighbor tracks will also increase. 

SUMMARY OF THE INVENTION 

It is, therefore, an object of the invention to 

30 provide a method for a tracking system with built-in 
redundance which allows for the continuous moni- 
toring of the tape edges during read signal tracking 
even if the read gaps are off-track. 

It is a further object of the invention to provide 

35 a system which stores in memory a history of the 
positional trace of the tape edges so that tape edge 
qualification can be performed based on the stored 
data for the edge. 

It is a further object of the invention to provide 

40 an integrated CMOS chip to be mounted on the 
recording head itself or its carriage to obtain in- 
creased mechanical accuracy at a lower cost. 

It is a further object of the invention to also 
provide on-chip photosensors for automatic azi- 

45 muth adjustment of the recording head. 

It is a further object of the invention to provide 
a tape edge detector system that can be made 
compatible with the proposed QIC standards with 
dedicated servo tape formats. 

so Furthermore, it is an object of the invention that 
the servo system be compatible with data track 
formats written with other servo systems, such as 
tape formats using dedicated magnetic servo 
tracks on pre-formatted cartridges. 

55 The system processes the analog information 
about the tape edge locally before digitizing the 
analog data. The analog data is numerically coded 
before it is sent off-chip to the digital controller and 
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servo. 

The tape edge seeking method solves a prob- 
lem in the art of Indicating a false edge position 
when magnetic particles are torn off from the tape 
edge due to wear. The wear on the tape edge 
arises when the number of tape passes exceeds 
the specified number of passes which are allowed 
in an environment where the same cartridge is 
used until it is worn out. The present edge detect- 
ing method avoids this problem by detecting an 
optical edge, not the magnetic edge. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a front view of a standard two- 
channel recording head where the integrated chip 
according to the instant invention is mounted be- 
tween the write/read gaps. 

Figure 2 is an example of a pattern of 
phototransistors and processing elements located 
on the surface of the chip in accordance with the 
present invention. 

Figure 3A is a circuit diagram of a first signal 
processing cell which perform the functions of the 
instant invention. 

Figure 3B is a circuit diagram of a second 
signal processing cell which performs the functions 
of the instant invention. 

Figure 3C is a circuit diagram for azimuth 
angle sensors. 

Figure 4 is a graph of the output of the 
photodetector cells as shown in Figure 2. 

Figure 5 is a graph of the output of a different 
pattern of photodetector cells than in Figure 4. 

Figure 6 is a graph of an input signal after 
logarithmic compression (VINPUT) and then after 
spatial averaging (VOUTPUT). 

Figure 7 is a graph of the VOUTPUT curve of 
Figure 6 after spatial differentiation. 

Figure 8 is a graph of the non-linearity which 
exists when the inputs to the transconductance 
amplifier is greater than a few kT/q. 

Figure 9 is a graph showing a transition zone 
from black to white. 

Figure 10 is a functional diagram of the tape 
edge detector chip in accordance with the present 
invention. 

Figure 1 1 is a diagram of the bias circuit which 
sets up the control voltages for the circuit of Figure 
10 using external resistors. 

Figure 12 is a circuit diagram of a simplified 
current sense amplifier (CSA) and comparator 
(COMP) used in accordance with the present in- 
vention. 

Figure 13 is a graph of the voltage reference 
levels and signal waveforms used by the CSA and 
COMP of Figure 12. 



Figure 14 is a block diagram of the control 
environment for the tape edge detector chip of the 
present invention. 

Figure 15 is a diagram of tape adjustment for 
5 small azimuth offset. 

Figure 16 is a diagram of tape adjustment for 
larger azimuth offset than that shown in Figure 15. 

Figure 17 is a diagram of a twelve data track 
tape format with two dedicated servo tracks. 
w Figure 18 is a diagram of ten dedicated servo 
tracks in paths of disturbed read head gaps. 

Figure 19 is a block diagram of the control 
environment for the tape edge detector chip with 
the additional components required for servo con- 
15 trol. 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

20 Figure 1 shows an integrated CMOS chip 10 

mounted on a typical magnetic recording head 20. 
The active surface of the chip 10 is facing a 
magnetic tape 18 and is mounted on a magnetic 
recording head 20 using tape automated bonding 

25 technology well known in the art. The active sur- 
face of the chip 10 is protected by metal layers 
and an array of windows is created during the 
metallization. The windows are numbered from 1 to 
42 as shown in Figure 2. Behind the windows are 

30 integrated phototransistors which can be moved 
perpendicular to the transport direction of the mag- 
netic tape 18. A light source illuminates the tape 18 
and the surface of the chip 10 which is not covered 
by the tape 18. The tape 18 runs in close proximity 

35 to the surface of the chip 10 thereby creating a 
sharply defined boundary between the shadow 
area and the illuminated area on the active surface 
of the chip 10. The chip 10 may be mounted in 
contact with the tape 18 if care is taken to reduce 

40 wear by, for example, covering the chip 10 with 
thick silicon dioxide. 

The accurate determination of the position of 
the tape edge is created by the inherently geomet- 
rical accuracy found in the patterns created during 

45 the wafer fabrication process for integrated circuits. 
Dimensions may be controlled to a few parts per 
million. 

One or two index marks, corresponding to 
known pixel numbers on the detector chip 10, may 

so be aligned with an imaginary center line running 
between each write and read gap 14, 16 in one or 
more channels as shown in Figure 1. The index 
mark corresponding to known pixel members on 
the detector chip 10 avoids time-consuming edge- 

55 seeking of the edge of the tape 18 since once the 
pixel numbers of the tape edge have been found, 
the write/read gaps 14, 16 may also be located. 
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Figure 2 shows an example of a pattern of 
phototransistors laid down in silicon. Other semi- 
conductor materials, such as gallium arsenide, 
may, as well, be used as is well known in the art. 
The pattern shown in Figure 2 can be used for high 
resolution, one dimensional location of a contrast 
edge created when the shadow from a recording 
tape falls on the pattern. The actual, detailed geo- 
metrical shape used will depend on several factors 
including the resolution, light sensitivity, signal pro- 
cessing elements to be used and the actual in- 
tegration and wiring of these elements together to 
form macro cells which make up the complete 
pattern shown. The phototransistors in Figure 2 
partly overlap in the Y-direction of measurement. 
To enhance resolution, it is possible to increase the 
overlap between the pixels. This can be done since 
the raw output signals are analog. Also, photo 
sensors may be contained within the middle of the 
processing cells. Other known methods for realiz- 
ing photo detection may be implemented, such as 
a charge coupled device (CCD) which is capable of 
obtaining a greater servo bandwidth. 

The raw outputs from the individual pixels are 
processed in such a way that a smooth intensity 
profile is created. Based on this profile, the location 
of the tape edge is estimated. The phototransistors 
in Figure 2 are four units in the "Y" direction and 
the length of the local signal processing part is 
eight units. Two units are used for wiring space 
between the cells. The scale of the drawing in the 
"X"-direction may be varied. Therefore, Figure 2 
does not give a realistic picture of the actual areas 
required for the processing electronics. The step 
size between cells, i.e. in the X direction, is one 
unit in this array. If an ideal contrast edge falls in 
the center of a phototransistor, the output current 
from this transistor will be halfway between the 
"dark" level and the "light" level of its next nearest 
neighbors. Its nearest neighbors will have output 
currents corresponding to 25% and 75% of the 
light difference. With "overlapping" phototransis- 
tors, the task of the analog signal processing will 
be to select the position corresponding to the cell 
with the 50% level as the best estimate for the 
. edge's position. 

The block diagram of the cell shown in Figures 
3A and 3B performs the basic functions of detec- 
tion, logarithmic compression, spatial averaging, 
spatial differentiation, spatial selection of the phys- 
ical line corresponding to the estimated position of 
the tape edge and switching in or out of the con- 
nections between nodes WTAC N-2 and WTAC N- 
1. WTAC N refers to the communication line be- 
tween multiple cells. Each WTAC has active sub- 
ranges (one range for each tape edge region) 
where all of the switches are closed. In this way, 
the time response of the "winner-take-all" can be 



improved by minimizing the capacitive loading of 
the communication line. In addition, a transconduc- 
tance amplifier 42 and a current source 52 which 
lay outside the active sub-range can be disabled. 

5 The use of sub-ranging is important since the in- 
formation media/magnetic tape typically has index 
holes to mark the beginning of the tape, the end of 
the tape, data load points, data termination area 
and an early warning. Data is automatically rewrit- 

70 ten to the tape when it has been lost due to the 
early warning hole. Therefore, the part of the chip 
where the holes pass by must be disabled. The 
WTAC switches, the current sources 52 and its 
bias switch need only be inserted at regular inter- 
ns vals, e.g. at every fortieth cell. The other type of 
analog processing cell is as shown in Figure 3B. 

The following description applies to Figures 3A 
and 3B wherein like reference numerals designate 
like parts. The primary signal current representing 

20 the light flux goes from the pixel block 30 to the 
log block 32 where the logarithm of the current is 
computed. The numerical value of the computation 
will depend on the actual semiconductor process 
used in the area of the transistors. For the calcula- 

25 tions presented in this application, a formula of 
3.47*1 n(l/IO) was used for the voltage normalized to 
units of kT/q. 10 is dependent on the process and 
the area of the transistors and is normally com- 
puted for a unit-area transistor. The factor of 3.47 

30 depends on the body-effect. The intermediate sig- 
nal going to the transconductance amplifier 34 is 
represented as a voltage. The transconductance, 
Gm, of the amplifier 34 is controlled by a voltage 
on the node GM1 which is common to all active 

35 cells. The output current from the amplifier 34 
drives node "n" to which a nonlinear resistor 36 is 
connected. The neighbor cell also connects a non- 
linear resistor 38 to node "n". The resistances of 
each nonlinear resistor 36, 38 are controlled by the 

40 voltage on the NRB (nonlinear resistor bias) input 
node. Together with the transconductance of the 
amplifier 34, the small signal resistances of each 
nonlinear resistor 36, 38 set the space constant of 
the network created when multiple cells are con- 

45 nected in series. The space constant is, therefore, 
controlled by the external voltages applied to the 
node GM1 and control inputs NRB. Voltage compli- 
ance of the non-linear resistors 36, 38 (actually 
MOS "pass" transistors) is controlled by an auto- 

50 matic bias circuit 40, a nonlinear resistor bias net- 
work, which tracks both the voltage and bias devel- 
oped at node "n" of the cells of the nonlinear 
resistors 36, 38 so as to compensate for the body- 
effect of the pass transistors 36, 38. To gain full 

55 "neural" advantages regarding the spatial resolu- 
tion of such a resistor network, the density of 
nodes should be high and the spatial constant 
adjusted or should even be adaptable to the de- 
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sired resolution. The transconductance amplifier 42 
is of the "wide-range" type, i.e. its output voltage 
may be close to the supply rails. Amplifier 42 takes 
the voltage difference between nodes "n" and "n- 
1 ". When the light intensity increases with increas- 
ing "n", the incremental current flows out of node 
"n" if the phototransistors are realized in N-wells. 
Then the voltage output from the log circuit 32 will 
decrease logarithmically with an increase in light 
input. To obtain a positive incremental current out 
of the amplifier 42 when there is a light intensity 
gradient in the positive direction, the difference 
must be taken as shown with the " + " and at 
the inputs of the amplifier 42. The transconduc- 
tance of the amplifier 42 is controlled by the volt- 
age on node GM2 which is common for all active 
cells. This voltage may be switched off when the 
cell is located outside of the active range. 

The final local processing element of the cell is 
the winner take all circuit 44. It consists of two 
transistors 46, 48. The input signals to these cells 
are represented by currents injected by amplifier 
42. In this application, the output signals are also 
represented by currents, commonly named 
OUTPUT-N, in the cells shown. During the current 
injection process, the output voltage of the am- 
plifier 42 will rise to an appropriate level given by 
the DC conductance of transistor 46. If this conduc- 
tance is too low, the voltage rises at the gate of 
transistor 48. Transistor 48 will then drive current 
into the WTAC-N-node. Its voltage rises until the 
current through transistor 46 is equal to the in- 
jected current from the amplifier 42. The injected 
current is now becoming "the winner". All of the 
winner take all blocks 44 and the WTAC-N- 
1/WTAC-N -wires simulate neurons with inhibitory 
responses, and they share one common signal 
path to communicate inhibition for all cells. Since 
the tape edge is always located within a narrow 
range, the communication distance can be broken 
up into sub-ranges by controlling the inputs to the 
switches 50 as shown in Figure 3A. Depending on 
the length of the active range monitored, a refer- 
ence current source 52 is connected to the WTAC- 
N-line, but only one or a few occur per sub-range. 
The sub-ranges can be placed freely and symmet- 
rically around the location of the tape where the 
inputs to the switches come from a long shift 
register and decoder, and a location of the sub- 
range depends on the actual pattern loaded into 
the register. By using sub-ranging, the response 
time of the system is greatly improved since the 
capacitive loading by the WTAC-line is minimized. 
Each cell is able to contribute a current into the 
node WTAC-N , but only if its input current is 
larger than, or in extreme cases equal to, other 
currents. The largest input current will always 
"win". The signal currents which "lose" are shunt- 



ed to ground by transistor 46 because the winning 
current determines the common gate voltage which 
is communicated to all neurons within the active 
sub-range. The conductances of the corresponding 

5 transistors 46, 48 are so high that very small vol- 
tages develop on these nodes. Thus, good sup- 
pression of the "losing" signals is due to the ex- 
ponential relationship between gate voltage and 
transistor current. 

70 The circuitry of the cell shown here is only able 
to detect positive intensity gradients. This is an 
advantage for the application described here since 
during dynamic tracking of the tape edge, the 
transition zone from dark to light is known to be 

15 within the sub-range. Only a limited number of the 
switch nodes 50 need be sampled. If a small dust 
particle is present on the illuminated part of the 
chip, the first negative transition will be rejected. If 
the next positive transition is outside the sub-range, 

20 it will be suppressed. The same is true for the 
opposite polarity of transitions in a dual-edge de- 
tector described below. 

Both tape edges can be monitored to provide 
redundancy in the system. There is a need to 

25 detect both positive and negative intensity gra- 
dients. With a serpentine tape format written with a 
recording head 20 of the type shown in Figure 1, 
the center chip can be divided into two halves: one 
lower half for detection of negative transitions 

30 where the polarity of the inputs of each amplifier 42 
are as shown in Figure 3, and one upper half for 
positive transitions where the inputs of each am- 
plifier 42 are interchanged. Since sub-ranging is 
used for the WTAC-line, it can be shared for detec- 

35 tion of both tape edges having two active ranges. 
Alternatively, to obtain maximum redundancy in a 
system, two completely independent systems may 
be used. 

Figure 4 shows a processing scheme of the 
40 samples logarithmically compressed corresponding 
to the outputs from the cells in Figure 2. The raw 
outputs from the cells are first averaged spatially. 
To implement this function, a nonlinear resistor 
network is used. Thereafter, differentiation of the 
45 intensity profile l(n) can be defined in this way: 

dl(n)/dn = l(n + 1 ) - l(n-1 ) 

This algorithm gives a maximum of dl(n)/dn for 
so n = 13 when the cell n = 16 is illuminated by 50% of 
the "light" minus "dark" level of intensity. Due to 
weighted spatial averaging prior to differentiation, 
the signal-to-noise ratio is greatly improved. The 
final position is selected by comparing in a pure 
55 analog manner each output, ...n-2, n-1, n, n + 1, 
n + 2..., of the spatially differentiated pattern result- 
ing in the estimated position shown in Figure 4. 
The edge is still estimated at n = l3. The signal 
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levels are higher, but the three strongest levels are 
still close together especially since the signal levels 
will be inputs to the nonlinear transconductance 
amplifiers. The transconductance amplifier exhibits 
a hyperbolic tangent transfer function with a limit- 
ing current as the bias current of the input differen- 
tial stage. This current can be set for sub-threshold 
operation with an external bias voltage to the gate 
of the current generator in the differential amplifier. 
The transconductance amplifier is often used as a 
voltage follower with a limited and externally con- 
trolled output current capability used to duplicate or 
buffer signals, to drive (nonlinear) resistive net- 
works, or, when loaded with a capacitor, as a 
temporal integrator. 

Another embodiment of the invention uses an- 
other differentiation method. The step size between 
cells is the same as in Figure 2, that is, one unit. 

Figure 5 shows the signal processing of the 
four unit phototransistor cell wherein one unit of 
overlap exists. Differentiation of the intensity l(n) is 
performed in the following manner: 

dl(n)/dn = l(n)-l(n-1) 

The highest output occurs at n = 13 with a nearby 
point n = 14. The tape edge is then located at 
n = 16. Hence, an offset exists between the actual 
physical location and the estimated location. 

In Figure 10, the analog processing cells have 
been marked po, pi, p2, ... p n » Pn+i.-» P*o95. The 
number of cells is equal to the maximum number 
which can be represented by twelve binary digits. 
The numbering of the I/O pins of each analog 
processing cell corresponds to that shown in Fig- 
ures 3A and B. Three global control voltage V G M2. 
V NRB and V G mi are applied to all cells via lines 3, 5 
and 6, respectively. These voltages are set up by 
the bias circuit shown in Figure 1 1 . They can also 
be programmed with external resistors indicated by 
the input pins R-EXT1, R-EXT2, ... as shown in 
Figure 11 as inputs to the bias circuit. External 
analog control voltages may also be applied to the 
bias circuit, for example to set V NRB which deter- 
mines the spacial resolution of the pixel averaging 
network. During power-up and initial start-up proce- 
dures to locate the edges of the tape, V GM 2 can 
optionally take on a low value to reduce the total 
power dissipation of the chip when all processing 
cells are enabled. For this purpose, R-EXT6 to- 
gether with the control signal HIGH-GM2 have 
been added as inputs to the bias circuit as shown 
in Figure 1 1 . 

A row of switches, So, Si, S2, ... S N ... shown 
next to the row of processing cells in Figure 10 
constitute the analog multiplexer. 

The current through pin 7 of cell P N has a 
double-arrow indicating this is the current from the 



winning cell. The switch adjacent P N routes this 
current to the upper line which can be accessed by 
all the switches and to the current sense amplifier, 
CSA. The current signal is then converted to a 

5 voltage signal waveform W1. All other switches 
dump the losing currents onto a dummy line with a 
fixed voltage of Vrefi- Although the winning current 
is a digitized signal of a known level, the voltage 
output of the amplifier CSA is compared with a 

10 reference voltage V REF 2 before the signal ED- 
GEPULSE is sent to the counter's D-type register. 
This is further illustrated in Figure 12. 

The current sense amplifier CSA contains one 
feature specific to this application, namely an auxil- 

75 iary weak I RE f current which must satisfy the fol- 
lowing condition: 

n*l-lose < Iref <z l-winner, 

20 where n is the number of ail losing currents. These 
currents are not necessarily equal, however, but a 
sum of currents may be more accurate. Since the 
losing currents are extremely small and since sub- 
threshold or weak inversion operation is used, the 

25 equation can be easily satisfied. The I RE f, current 
provides a defined low-level output of the CSA 
when the losing currents are sampled. Therefore, 
the low-to-high voltage level transition can be kept 
under control and minimized which improves the 

30 switching speed. Further, the exponential feedback 
is used for the CSA meaning logarithmic compres- 
sion also takes place when the signal is converted 
from a current to a voltage. 

A dual current -switching scheme provides a 

35 great advantage in that all lines are kept at a 
constant voltage: the CSA provides a virtual V REF1 - 
(plus or minus an input offset voltage) at its nega- 
tive feedback input node. Charging of the capaci- 
tance to ground of the two long lines in the mul- 

40 tiplexer is, therefore, avoided, and the analog mul- 
tiplexer can operate at high speeds. Furthermore, 
the switching elements themselves are made of 
complementary pass transistors which minimize 
the charge injection problem during switching. 

45 The analog switch control shift register op- 
erates by means of a single zero which propagates 
from left to right. At the end of each cycle, the zero 
disappears to the right, and the global OR-gate 
generates automatically a new zero which will be 

50 clocked into the first flip-flop called SCo at the next 
edge of the CLK1 pulse. The output of the OR-gate 
is shown as SCAN*. This signal also resets the 
counter 80 as shown in Figure 10. This is done to 
synchronize the counter 80 with the scan shift 

55 register during the start-up of the system, since the 
initial state of the scan shift register is unknown at 
start-up. An asynchronous stop-pulse waveform W2 
is generated at the time when pixel N is sampled. 
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This pulse is synchronized by CLK1 and called 
EDGEPULSE. The 12-bit number for N is con- 
verted to serial form by the shift register 84. The 
SCAN* signal is also provided as an output to an 
external controller which can synchronize the read- 
out clock of the shift register 84, SCK, with the 
operation of the scan register. By doing this, read- 
out at times when data changes in the D-type 
register 82 is avoided. When two active sub-ranges 
are used (duo-edge detection), there must be two 
samplings per cycle. 

Taking the signals SCAN* and EDGEPULSE 
off-chip is also very useful for testing, monitoring 
and analyzing purposes. The scan-pulse can he 
used to trigger an oscilloscope, and the position in 
time of the edge pulse is a map of the location of 
the tape edges on the chip. When the tape is 
running and the chip is kept in a fixed position, a 
time interval analyzer, such as a Hewlett Packard 
type HP5371A, can be used for statistically analyz- 
ing the positions of the pulses. Extracted frequency 
domain data can then be used for design input to 
the head servo itself. 

The mask layout may require the placing of the 
counter 80, the D-type register 82 and the shift 
register 84 off-chip to reduce coupling of digital 
noise into the low-level analog processing circuits. 
The noise from the counter 80, the D-type register 
82 and the shift register 84 will typically be greater 
than the noise from the fully differential implemen- 
tations of the scan register in the analog mul- 
tiplexer and range select register. 

The shift registers, Ro Ri. ... Rn »• are range 
select registers similar in design to *the feedback 
shift register, but they are not clocked continu- 
ously. A sequence consisting of 4096 states is set 
up on the RANGE-line and clocked in by CLK2. 
Thereafter, the pattern is kept statically in the reg- 
isters by stopping CLK2. The content of the regis- 
ters will then consist of ones, followed by a series 
of zeroes which determines the active range where 
the tape edge must be present. The rest of the 
states are filled up by ones if a single sub-range is 
used or followed by a new pattern of zeroes and 
ones for dual-edge detection. 

Prior to the final sub-range selection, a static 
tape edge detection (single or dual edge) is per- 
formed when alt cells take part in a global selection 
process. In some implementations, the voltage on 
the GM2 line is reduced during the static mode, i.e. 
the control signal HIGH-GM2* is inactive. 

Sub-ranging is used for high-speed dynamic 
operation when a tape is moving. Before the final 
sub-range is selected, the position of the edge 
must be known to fall within the sub-range or sub- 
ranges with certainty. Sub-ranging is an option, and 
its use will depend on the response speed required 
during dynamic tracking, i.e. on the sampling rate 



of the tracking servo. However, most often sub- 
ranging must be used when tape holes disturb the 
edge detection process. 

Another method of improving response speed 

5 is digitizing the winning current to a "fixed" level. 
The level is actually within a narrow range given by 
offset effects or mismatches between transistors. 
Therefore, the voltage variations and stray capaci- 
tance charging on the communication line, as 

io shown by line 1 in Figures 3A and B, between cells 
will be small when the winning current shifts from 
cell to cell with time. 

Figure 3A shows the two analog switches with 
common control signals SWITCH-N and SWITCH- 

75 N* can optionally be used. The first is inserted in 
the winner-take-all communication line to shorten it, 
enhance, speed up response time by reducing 
stray capacitance. The second switch is placed in 
series with the bias input for the amplifier 42 and 

20 the gate voltage of the reference current source 52 
for the winner-take-all network 44. Figure 10 illus- 
trates that switch control lines are provided to all of 
the processing cells although only a sub-set of 
switches actually needs to be used for the speed- 

25 up of the winner-take-all network. The other ele- 
ments of the range select shift register are used to 
switch off the inactive amplifiers 42 (shown in Fig- 
ures 3A and B) to save power. Current may be 
needed in some cases in the upper part of the 

30 weak inversion range. 

Figure 12 shows in more detail the current 
sense amplifier CSA and COMP blocks of Figure 
10. Figure 12 also illustrates how voltage V REF2 is 
generated. V REF2 comes from the bias circuit as 

35 shown in Figure 11, but its generation has been 
shown within the dashed lines of Figure 12 to ease 
understanding. Figure 13 shows the voltage levels 
for the waveforms W1 and W2 of Figures 10 and 
12. 

40 Vrefi may have a value of V dd /2. When the 

losing currents are scanned out, l r6 f ensures that 
the output of amplifier CSA, W1, is kept at a well 
defined level of about 0.5 volts above V REF i as 
shown in Figure 13. Since the signal voltage de- 

45 viation of W1 is small due to the logarithmic com- 
pression, the threshold level V REF2 of the simplified 
comparator COMP in Figure 12 must track V REF1 . 
This is accomplished by connecting transistor Q35 
to V REF1 . The voltage which develops over this 

50 diode-connected transistor Q35 is also made to be 
dependent on V G M2 which controls the actual mag- 
nitude of the winning circuit. Q35 is of the same 
type as the feedback transistor Qfb Transistors 
Q31 and possibly Q32 and Q34 scale the current 

55 through Q35 to a certain fraction of the level of the 
winning current, indicated by Iwinne/K. The thresh- 
old level of the comparators may therefore be 
placed slightly below the high level for signal W1 , 
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giving a better overall noise margin. 

The comparator COMP is shown as a simple 
wide-range differential amplifier, i.e. its output 
waveform W2 goes rail-to-rail, as shown in Figure 
13. Normally, the comparator COMP needs a more 
complex design than is shown in Figure 13. 

Figure 14 illustrates the control environment for 
the tape edge detector chip 10. The servo control 
starts by setting up a reference number in a con- 
trol, filter and digital servo processor 100. A con- 
troller module 102 receives the measured position 
of the tape edge from a light source 108 projecting 
light onto the tape which casts a shadow on the 
tape edge detector chip 10. A SDATA signal indi- 
cative of the tape position is sent to the digital 
servo processor 102 where filtering is performed, 
and the error is calculated using the program 
stored in memory 110. The error signal goes back 
to the controller module 102 which contains the 
necessary hardware drivers to transmit the error 
signal to head drive motor electronics 1 04. In some 
implementations, the error signal can be transmit- 
ted directly from the control, filtering and digital 
servo processor 100 to the motor electronics 104. 
In this case, the head drive motor or motors 106 
symbolize the transversal movement of the head to 
correct for the error and the tape edge detector 
chip 10 measures the actual position of the tape 
edge which again is read out on the SDATA line by 
the controller module 102. All other processing 
functions required for operation of the tape drive 
are performed by a main processor 112. Auxiliary 
resistors 114 correspond to the inputs to the bias 
circuit of the tape edge detector chip 1 0 shown in 
Figure 1 1 . 

The physical integrated circuit technology and 
the methods used to realize the analog signal pro- 
cessing of the present invention are described in 
"Analog VLSI and Neural Systems" by Carver 
Mead which is herein incorporated by reference. 
Conventional digital CMOS VLSI-circuits are based 
on complementary N- and P-channel MOS transis- 
tors which operate above or below a conduction 
threshold level. The threshold voltage is defined as 
the gate-to-source voltage where the mobile 
charges in the channels begin to limit the flow of 
channel current. For MOS transistors, there exists a 
certain sub-threshold gate voltage range, i.e. a 
range of gate-to-source voltages where there is an 
exponential relationship between the gate voltage 
and the drain-to-source current. The current in this 
range is caused by a pure natural diffusion pro- 
cess. For gate voltages approaching the threshold 
voltage, the exponential increase in the current 
ceases. The mobile charges in the channel disturb 
the diffusion process, i.e. they begin to degrade the 
exponential law. For gate voltages above the 
threshold voltage, the current increases as the 



square of the gate voltage. Therefore, the threshold 
voltage is better thought of as a transition zone 
between the exponential sub-threshold region and 
the square-law region. 

5 For a pure exponential relationship between the 

drain current and the gate voltage, the gate voltage 
range may be measured between 300 mV to 700 
mV. This range may vary somewhat depending 
upon the actual CMOS process used. In this range, 

w the current increases exponentially over 5 decades 
from 30 pA to 3 uA. The transistors will be useful 
for analog processing in the transition zone and 
above when the exponential law is not used for 
computation, when a non-exponential or non-loga- 

75 rithmic limiting effect is desired, or when voltage 
followers are used for interfacing off-chip signals. 

Except for the Early-voltage effect, which can 
be partly controlled by the length-to-width ratio of 
the transistors, the drain-to-source current is in- 

20 dependent of the drain-to-source voltage if this 
voltage is greater than a few thermal voltages, 
kT/q. At this point, the MOS transistor is said to be 
saturated. 

In the sub-threshold range, the MOS transistors 

25 behave in a remarkably predictable way. Extremely 
low power consumption exists with a typical dis- 
sipation per transistor in the nW-range. Complete 
detector chips are possible with the inclusion of 
integrated photo-detectors among the analog pro- 

30 cessing elements. 

In a CMOS process, the photodetectors can be 
realized as vertical, bipolar photo-transistors. The 
bases of the transistors are isolated, diffused wells 
upon which light is permitted to fall through open- 

35 ings or windows in a metal mask. The emitters are 
diffused areas in the well, and the common sub- 
strate make up the collectors. If the incident pho- 
tons "have energies greater than the bandgap of 
silicon, electron-hole pairs will be created. For a N- 

40 well process, the bases of the transistors are of N- 
type material. The created base electrons will lower 
the energy barrier from the emitter to the base and 
cause an increase in the flow of holes from emitter 
to collector. For a conventional transistor, there is a 

45 large gain associated with this process. The output 
current from the photo-transistor will be propor- 
tional to the intensity of the light. 

Logarithmic compression is one of the most 
powerful analog processing functions which can be 

50 realized using the sub-threshold elements. By us- 
ing logarithmic compression, the log detectors can 
operate over more than four decades of light inten- 
sity, and sensitivity to stray light will be greatly 
reduced. By taking the difference between the 

55 logarithmic output voltage from two pixels, a mea- 
sure of the contrast ratio which is independent of 
the actual light intensity levels is obtained. 
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In the present invention, logarithmic compres- 
sion is very useful due to variations in light inten- 
sities and the simplicity of the implementation. The 
inherent contrast ratio of the tape medium can be 
found simply by taking voltage differences. In addi- 
tion, logarithmic compression may be used with 
overlapping cells, i.e. the tape edge can be es- 
timated within a fixed offset from the center of the 
edge. 

Figure 3A, as previously described, shows how 
logarithmic compression is used. The difference 
between the logarithms of the "light" and "dark" 
levels represents the logarithm of the contrast ratio 
of the "light" and "dark" levels. This number is 
simply defined as the contrast itself. The contrast 
can also be defined as the difference between light 
intensities; however, the relative contrast ratio num- 
ber used here is independent of the illumination 
level. Instead, it depends on the translucency of 
the tape, the reflectivity of the semiconductor sur- 
face, its coating, etc. A recording tape is normally 
manufactured with a specification for a maximum 
light transmittance of approximately 2% of the in- 
cident light. 

Figure 6 shows two curves, "VINPUT" and 
"VOUTPUT" computed on the basis of a typical 
minimum contrast. The axis labelled "n" represents 
the pixel numbers in the Y-direction in Figure 2. 
The Y-axis in Figure 6 is in units of thermal vol- 
tages, i.e. kT/q. "VINPUT" is the signal input di- 
rectly after logarithmic compression. For n-num- 
bers up to six, the signal level has been chosen as 
zero. For n greater or equal to 10, the signal level 
is maximum. The step size between pixels is one- 
fourth of the width of the pixel as shown in Figure 
2. The "VINPUT" signal will deviate from the ideal 
one shown here. Such deviations can be consid- 
ered as noise in the system. The "VOUTPUT" 
signal, in Figure 6 shown for a space constant of 2, 
will be less sensitive to these variations. Therefore, 
"VOUTPUT" is a spatially filtered version of 
"VINPUT", and the spatial noise can be partially 
removed from the input signal. 

Figure 7 shows "VOUTPUT" from Figure 6 
after being spatially differentiated by taking the 
voltage differences from n-(n-1). The tape edge 
location has been estimated at n = 7, within a dis- 
tance of nearly one kT/q from the output at n = 8. If 
the differentiation had been performed directly on 
the "VINPUT" signal in Figure 6, the distance 
would have been 8.97 units of kT/q. By reducing 
the space constant slightly, a distance of, for exam- 
ple, 2 kT/q can easily be obtained. The sample 
points in the signal in Figure 7 will be the inputs to 
a transconductance differential amplifier 42, as 
shown in Figures 3A and 3B. These amplifiers 42 
are significantly non-linear if the differential input is 
greater than a few kT/q. 



Figure 8 is an example of such non linearity. 
The actual current output corresponding to the 
samples in Figure 7 are strongly compressed if the 
input exceeds approximately 2 kT/q. The absolute 

5 levels of the sample points in Figure 7 should not 
be outside the +/- 5kT/q input range shown in 
Figure 8. The higher the absolute levels of the 
individual points, the greater the distances must be 
to separate the points in Figure 7. 

w With a sharp transition from "black" to "white", 
it is possible to obtain a system resolution less 
than the width of the individual pixels. This is 
important because in a typical semiconductor pro- 
cess with a minimum drawn gate width of about 1 

is urn, the design rule for the minimum distance 
between metal-2 traces specify a window width of 
2 urn. In the examples of Figure 2 and Figure 6, a 
resolution of one-fourth the width of the pixel win- 
dow has been attained. In principle, a resolution of 

20 0.5 urn could be obtained with a 1 urn process, but 
this will be limited by optical diffraction effects. 

Figure 9 shows a more practical system in 
which a transition zone from "black" to "white" 
levels will always be present. The "VINPUT" and 

25 "VOUTPUT" signals when the transition zone goes 
from n = 11 to n = 21 is shown in the Figure. The 
zone was modelled as a linear or "graded" transi- 
tion from "black" to "white". The width of the zone 
is 1.5 times the width of one individual pixel sen- 

30 sor, and each pixel is stepped by one-fourth of the 
cell width. The "VINPUT" graph is therefore the 
result of integrating the light intensity over all nine 
pixels located within the transition zone and setting 
the light input to the other pixels to "black" and 

35 "white" levels, respectively. The space constant in 
Figure 9 is 2, and the contrast ratio is 50 as was 
used in Figure 6. 

Spatial averaging, discussed previously, may 
also be performed using this integrated circuit 

40 technology. Inputs from an array of photosensor 
circuits (pixels) each contribute a current to a node 
of a resistive network. The actual voltage which 
develops on the node will be a weighted sum of 
the inputs to all nodes in the network. The weights 

45 decrease geometrically as the distance from the 
node increases. Such a network has an associated 
"space constant" and the current drive to each 
node is limited by the control current set for the 
transconductance amplifiers. Therefore, a smooth 

so average, resistant to spuriously bad inputs, is com- 
puted. 

The realization of a network of very high resis- 
tance in a standard CMOS process can be done 
with a so-called "horizontal resistor" which is not a 
55 resistor in the usual sense, but two MOS pass- 
transistors where the channel resistance can be 
controlled electronically. These "resistors" operate 
in the sub-threshold range. A very useful property 

10 
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of the horizontal resistor is that the current versus 
voltage graph is non-linear and follows a hyperbolic 
tangent function. The current saturates for input 
voltages greater than about 150 mV. For this rea- 
son, it is possible to compute smooth, error resis- 
tant averages and also to obtain segmentation. 
Both the transconductance amplifiers driving the 
network and the horizontal resistors themselves will 
saturate when the input voltages exceed a few kT/q 
thermal voltages. When a contrast boundary is 
present in the one-dimensional "picture" input to 
the photoreceptors, the computed node voltages on 
the horizontal resistive network will reproduce this 
contrast and segments the image into smooth 
areas. 

Figure 1, in addition, shows a conventional 
control apparatus to position the edges of the mag- 
netic medium or the data track itself using the 
dynamic position information for the magnetic re- 
cording head that is processed locally in analog 
form without the need for digitizing the input. The 
control of the position of the write/read heads 14, 
16 is performed by a system as disclosed in U.S. 
Patent No. 4,679,104 which is herein incorporated 
by reference. During the write operation, the 
write/read heads 14, 16 track either one tape edge 
or an average position determined by both edges. 
For some tape formats, the lower edge can be 
used for one-half of the tracks and the upper edge 
for the other half of the tracks. This is useful in 
reducing temperature dependent variations in track 
positions. Based on the actual tape width found 
and the actual tape format in use, the track posi- 
tions are calculated so that guard bands of equal 
width are created at both tape edges. The actual 
positions for each track are stored in a write table, 
shown as memory 26. If a read-while-write head is 
used, the read gap lies in-line with the write gap, 
and it will automatically follow the movements of 
the head which is under servo control. 

During the read mode, the initial procedure is 
slightly different from the write procedure in that 
the exact or optimum position for the head may be 
determined by reference bursts placed prior to the 
beginning of the data tracks for each recording 
direction on the tape 18. Therefore the tolerance 
offset between the write gap and the read gap may 
be eliminated. Using the reference burst procedure 
modified for servo control, the head is positioned 
below the nominal positions of the reference burst, 
and a read operation is started under tape edge 
servo control. The read signal is passed through a 
band pass filter with a center frequency corre- 
sponding to the expected frequency from the refer- 
ence burst. The head is then moved upwards un- 
der servo control until a threshold detector signals 
that the read gap is over the lower part of the 
reference burst. The positional number for the head 



is stored in memory 26. Then, the read gap is 
moved well above the reference burst, and the 
head is moved downwards until the threshold de- 
tector signals that the upper part of the reference 

5 burst has been found. A positional number for the 
reference burst center line is then calculated. This 
center line will coincide with a center line through 
the corresponding data track. A typical system will 
then correct all of the numbers in the track table 

w used for write operation and create a new read 
table. In the current serpentine track formats in 
use, many reference bursts are provided. The num- 
ber of reference track alignments to use will de- 
pend on the actual accuracy which was used dur- 

15 ing writing, i.e. the tape edge detector chip 10 and 
tracking servo system must also read tapes written 
by other competing systems. In a quality tape 
drive, it is only necessary to read two reference 
bursts, one for each recording channel, i.e. record- 

20 ing direction, forward or backward. 

When the detector chip 10 has been set up to 
work in the static mode and the positions of the 
edges are known at the beginning of the tape, one 
can either start to write data in the dynamic track- 

25 ing mode or can perform a new tape qualification 
procedure. This is required since the tape edges 
may have been damaged during extensive use of 
the cartridge or there may exist production defects 
on the tape. Tape edge defects indicate that the 

30 cartridge should not be used for high reliability 
storage of data. Two different operations can be 
performed to determine the qualification of the tape 
before writing data: a "track repeatability test" and 
a "tape defect test." 

35 The track repeatability test checks the speci- 
fied dynamic transverse tape track movement vari- 
ation. For a 0.250-inch tape cartridge, this is typi- 
cally specified as +/- 0.013 mm for the first write 
pass after tape conditioning. The variation in the 

40 opposite direction should not exceed +/- 0.025 
mm. The tape edge servo is disabled, and the tape 
is conditioned by running it from the beginning of 
the tape to the end of the tape, and back again to 
the beginning of the tape. Then, the tape is run in 

45 the forward direction. The position of both edges 
are monitored and stored in memory as a variable 
length data array. A spatial low pass filtering opera- 
tion is performed by the servo processor 100, 
shown in Figure 14. The result is again stored in 

so memory and the raw data is discarded. The low 
pass filtering on the data may be performed when 
the tape is running by including a digital hardware 
filter (not shown) in the servo processor or by 
implementing the filter in the firm-ware. The mean 

55 value of the two one-dimensional arrays are com- 
puted and stored in memory. This mean-value ar- 
ray represents the wander of the center line of the 
tape and the data tracks to be written. The de- 
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viation is computed between the measured center 
line and a "best fit" line through the same center 
line. If this deviation corresponding to a distance 
greater than the maximum allowed value, the quali- 
fication process may be stopped, and a signal 
indicative of faulty transverse tape movement in the 
forward direction may be indicated. The tape is 
then run in the reverse direction, repeating the 
same procedure and using the actual specification 
limit. 

The tape defect test provides duo-edge detec- 
tion in which a first defect test pass follows the 
upper edge of the tape only, and the program 
module examines the lower edge for defects. On a 
succeeding pass, the servo follows the lower edge, 
and the program module examines the upper edge 
for defects. The firmware module keeps track of 
the tape position by counting the number of pulses 
from the capstan motor. 

The method of the tape defect test is per- 
formed as follows: the tape speed is reduced well 
below the normal operating speed to allow for a 
proper spatial sampling of the possible edge de- 
fects. Raw data points are passed through a band- 
pass filter in the control, filtering and digital servo 
processor 100, as shown in Figure 14. A threshold 
detector function follows the band-pass filter. The 
band-pass filter may be a combined low-pass one 
with a high cut-off frequency and a high-pass one 
with a low cut-off frequency. The low-pass function 
- is needed to remove spurious noise in single data 
points, and the high pass function is used to re- 
move the low-frequency content, i.e. the running 
average value of the tape edge position. If the 
tracks repeatability test is run first, the running 
average value for the tape edge position is com- 
puted and is stored in memory and that can then 
be used to remove the average value when search- 
ing for defects. This is done with high accuracy 
since measurements have shown that transversal 
movements of the tape tend to be reproducible if 
the tape has been properly reconditioned before 
the test starts. 

When a filtered signal exceeds a certain 
threshold, the signal is stored in memory together 
with the tape position. The defect storing routine 
also has both "pre-trig" and "post-trig" functions, 
so that a certain number of data points are stored 
both prior to the trig-in and after the trig-out points 
from the threshold detector. The defect data can 
then later be transmitted off-drive for external anal- 
yses or human inspection. 

The method may also be performed by stop- 
ping the tape drive and rewinding the tape slowly 
to the actual position where the defect occurred so 
that the defect is positioned just in front of the 
magnetic recording head. The user can then re- 
move the tape cartridge from the drive and inspect 



the tape manually and decide if the defect is so 
severe that the tape must be discarded. 

In addition to the tape edge tracking servo 
discussed above, automatic adjustment of the re- 

5 cording head may be performed by monitoring the 
azimuth angle. The azimuth angle, as is known in 
the art, is the deviation formed from an imaginary 
center line through and parallel to the write and 
read gaps and normal to the edge of the tape. 

w Ideally, this angle is 0*, or it can be set at a 
different angle if azimuth recording is intentionally 
used to reduce cross-coupling between tracks. This 
automatic adjustment is performed by placing two 
additional, stand alone photosensors 11, 13 as 

?5 shown in Figure 1 at the upper edge of the tape 18 
and inside the outer edges of the tape edge sensor 
chip 10. An imaginary line running between the two 
sensors 11, 13 corresponds to one edge of the 
tape 18, the upper edge as shown in Figure 1. The 

20 sensitive areas of sensors 1 1 , 13 is very small such 
that uniform light intensity is present within two 
local regions. Each region contains two light sen- 
sitive elements, 11 A, 11 B and 13A, 13B. The dis- 
tance between the two sensors 11, 13 is des- 

25 ignated by "I" in Figure 16. The outputs from 11 A, 
1 1 B and 13A, 13B are compared independently by 
local threshold differential amplifiers included on 
the tape edge detector chip 10. 

The outputs of sensors 11 A, 11B and 13A, 13B 

30 are provided to a circuit as shown in Figure 3C. 
Floating gate techniques may be used to correct 
for the total, effective offset between the "REF" 
and "SENSE" elements in sensors 11, 13 when 
they are illuminated with constant light density dur- 

35 ing the testing process of the detector chip itself. 

The azimuth adjustment is performed by insert- 
ing a tape parallel to the reference plane of the 
cartridge (within small tolerances). The magnetic 
head 20 is mounted within a tolerance which is 

40 later fine tuned. 

To avoid the tape 18 sticking to the head 20 
when the head 20 is moved, the tape 18 may be 
moved back and forth during an adjustment proce- 
dure. The magnetic head 20 and the detector chip 

45 10 are moved upwards (or downwards if sensors 
11, 13 are positioned for the lower edge) so that 
both sensors 11, 13 are illuminated causing logical 
"high" outputs from both sensors 11, 13. The offset 
voltage built into the differential amplifier or thresh- 
so old comparator in Figure 3C is of a polarity which 
ensures that the output is "high" when the input 
voltages from the "REF" and "SENSE phototran- 
sistors are equal or within an offset voltage. There- 
fore, the output from the detector circuit in Figure 

55 3C is "high" when both the "REF" 11 A, 13A and 
"SENSE" 11B, 13B elements are illuminated, either 
with "light" or "black" intensities. Then the head 20 
is moved downwards until one (or both, if the 

12 
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azimuth angle is incidentally near 0) output goes 
"low". Such an embodiment is shown in Figure 15 
where the output from elements 11 A, 1 1 B are at 
"black" levels because the sensor was moved too 
great of a distance downwards. The head 20 is now 
moved upwards again until 11A is illuminated and 
1 1 B is in the shadow. The output from censor 1 1 
will then be "low". Hence, a "low" signal is pro- 
vided by the circuit in Figure 3C only when the 
tape edge lies between the "REF" 11 A, 13A and 
"SENSE" 11B, 13B elements. When the head 20 
and the detector chip 10 are rotated an angle 6, the 
sensors 11, 13 are at positions 11* and 13*, as 
shown in Figure 15, both having "low" output sig- 
nals. If the initial azimuth error is large or the 
geometrical distance "I" between the sensors 11, 
13 is large, the outputs from the sensors 11, 13 
may also both be "high" during the rotation as 
shown in Figure 16. If the center of rotation "O" is 
placed as shown in Figure 16, i.e. if the nominal 
positions of sensors 11, 13 are placed symmetrical 
with respect to the line through "O" perpendicular 
to the reference plane, then the head 20 may be 
rotated to an azimuth angle of opposite sign and 
stop when the sensor 13 goes "low". The total 
angle is measured during this procedure, and the 
head 20 is rotated back again to the first position or 
beyond taking care of any hysteresis, if necessary. 
Then, a new rotation is started with the known half- 
angle calculated by the azimuth control system. 

Another embodiment allows for a stepper mo- 
tor 24 to move the head 20 upward so that the tape 
edge follows the sensor 1 1 and causes its output to 
go "low". This tracking is continued until the sen- 
sor 13 goes "low". 

In Figure 1 6, the following distances were used 
in calculation. The distance between sensors 11, 
13 is 1 =2.5 mm. An azimuth angle of 2.9 mrad is 
used, and a delta vertical, dv, of 7.25 urn results. 
The azimuth detector therefore is required to have 
a resolution better than dv. A standard, digital 
CMOS process of current technology defining 
openings of 3 urn by 3 urn is possible. 

In another embodiment, the edge detector sys- 
tem can be made compatible with the proposed 
QIC standards with dedicated servo tape formats 
as well as data track formats written with other 
servo systems, such as tape formats using dedi- 
cated magnetic servo tracks on pre-formatted car- 
tridges, e.g. QIC 6000, 6 GByte, and 10.5 GByte, 
both proposed QIC standards. 

The edge detector system uses two channels 
since no servo write head is required. The me- 
chanical accuracies of the track locations are set 
indirectly using a feedback system where the ac- 
curate reference input comes from a photosensor 
pattern on the tape edge detector chip. A program- 
mable tape hole detector on the chip can use the 



same photosensors as the tape edge detector. 

The read-while-write head, however, must be 
made with three channels to be compatible with 
certain dedicated servo formats since some for- 

5 mats use two different physical distances between 
parallel recorded tracks. However, no special servo 
write head is needed to be compatible since servo 
Preformatted tapes can be bought when tape inter- 
change is needed. 

w Figure 17 illustrates a twelve data track tape 

format with two dedicated servo tracks. It also 
indicates the linear operating range available. 

In Figure 17, the center position of servo track 
SO is defined to be the lower edges 1 of the 

is erased or non-recorded sections 3 in the constant 
wavelength pattern 4. Likewise , the center position 
for servo track S1 is shown at the upper edges 2 of 
the erased or non-recorded sections. 

3. During reading or writing on tracks OA and OB, 
20 the read gaps are located at positions 21 1, 212 and 

213 as shown at the left erased or non-recorded 
section in Figure 17. 

When the tape is moved in an opposite direc- 
tion, the read gaps are located at positions 221, 

25 222 and 223. Therefore, when read channel 2 
reads the servo tracks, logical tracks OA, 0B, 1A 
and 1 B can be read. Thereafter, read channel 1 is 
used for the servo, shown at read gap positions 
231 and 241 . During servo operation, samples are 

30 taken at the erased or non-recorded sections 3 and 
in between them to obtain the 100% reference 
level. 

Figure 17 shows a linear operating range for 
the servo as +/- 1/2 read gap width. Since the 

35 read gap width is more narrow than , the written 
track, i.e. the read gap width can vary from 55% to 
70% of the written track, the first limitation will be 
clipping. However, when the gap is shifted outside 
the servo area, a more dangerous situation can 

40 exist. For example, if the read gap is shifted from 
its position 212 and moved downwards, the am- 
plitude increases until clipping occurs. Moving the 
gap further downwards causes the gap to be partly 
outside the servo low-frequency pattern 4. Assum- 

45 ing that the servo read channel 2 has a bandpass 
filter centered at the frequency given by the tape 
speed and the wavelength of the recording pattern 

4, only a limited amount of noise will be added 
when the servo read gap touches the nearest data 

50 track. Therefore, the sampled servo output de- 
creases. 

Figure 18 further illustrates this principle. Case 
I and Case II further illustrate this principle by 
showing what can happen when a disturbance in a 
55 vertical direction occurs. 

In Case I, the read gap shall be on track S1. 
The read gap is forced from position 251 to posi- 
tion 261. At position 261, the sampled amplitude 
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will be less than 50% of the level between sam- 
ples, and since the system will "believe" the gap is 
on track S1 , the gap is moved upwards to position 
271 on the path and then further to position 281 
where the head finally may lock on the wrong track 
S3. 

Case li shows an example of an unstable path. 
Position 252 is the desired position. A reference 
sample is taken between position 252 and 262. If 
the sampled amplitude at position 262 is less than 
50% of the sampled amplitude between positions 
252 and 262, the read gap will be moved upwards 
resulting in an unpredictable path because both 
reference and servo samples will be noisy when 
taken on the data tracks or on unrecorded tape. 
The disturbance pulse shown in Figure 18 is for 
illustration purposes only since a norma! distur- 
bance pulse is generally longer than what is shown. 

For the proposed six GByte format, a total of 
112 tracks can all be read by the same type of 
read gaps. Of these 112 tracks, 16 are dedicated 
servo tracks located in a servo band in the middle 
position of the tape. The servo tracks are of a 
special type: first, a continuous 16 pitch (or track) 
wide recording is made with a combined 
write/erase head followed by a subsequent erasure 
of eight sections in parallel, each section one pitch 
wide, similar to the five sections in Figure 18. 

The repetition rate of the erased or non-re- 
corded parts is 10 kHz at 120 IPS (inches/second). 
Normal data read gaps are used for the servo; the 
zero point of the servo occurs when the center line 
through the read gap is located over one of the 
edges of the erased or non-recorded sections, i.e. 
when the servo output is 50% of the amplitude 
detected between the erased sections. The refer- 
ence 100% servo amplitude level is automatically 
updated for each sample. The lower and upper 
edges of the eight erased or non-recorded sections 
define the positions for 16 data tracks. Movement 
of the head up or down in response to a relative 
amplitude decrease is dependent on which of the 
edges the read gap follows. 

The servo tracks can, therefore, be created 
with a special servo write head with a very wide 
write gap followed by an erase gap of the same 
width. Notches defining the portions between the 
erased sections can be placed with high accuracy 
( + /- 1am, non-cumulative). All servo tracks can 
follow the transversal movements of the head rela- 
tive to the tape when both servo band writing and 
erasure take place on the same paths. Therefore, 
the position of servo track 0 can be specified 
relative to the lower tape edge with an accuracy of 
only +/- 50 urn, wherein all other servo and data 
tracks are specified with an accuracy of +/- 1um 
relative to servo track 0. Read compatibility can, 
therefore, be achieved between the tape edge 



tracking servo system and the dedicated servo 
track system since the write/read sections of the 
heads can be made compatible for both systems. 
The tolerance of the location of the tracks is typi- 

5 cally about +/- 1am. 

Read compatibility with tapes written using the 
dedicated servo method can be obtained since 
positions of the data tracks with respect to the 
lower tape edge are all correlated. If the data for 

10 the actual position of one servo track is known, the 
positions for all the other tracks is also known. 
Therefore, when a tape drive with the tape edge 
tracking servo system reads a tape recorded with a 
dedicated servo band format, a first sample of the 

75 position of one of the servo tracks is made, .and the 
data is stored in memory. A new dynamic read 
table can then be created for each data track to be 
read based on the stored information of a single 
servo track. 

20 Synchronizing signals can be contained at the 

start position of the servo tracks. These signals are 
then used to start the counting of servo samples 
along the tape length. Furthermore, each data track 
can contain a synchronizing signal at the same 

25 location as the servo synchronizing signals. Such a 
signal can, for example, be the first block marker. 

The synchronization of the servo operation of 
the compatible drive is made to start/stop the syn- 
chronization at the holes punched in the tape mark- 

30 ing data load point and the end of data area. The 
dedicated servo tape format does not contain refer- 
ence bursts, unlike other QIC tape formats, prior to 
the holes indicating load point and end of data area 
holes. The data track preamble begins with a mini- 

35 mum distance of three inches and a maximum 
distance of four inches past the load point marker. 
The same specification is used when recording in a 
reverse direction when the end of data area marker 
is used to function as a load point marker. 

40 Tape displacements at high vibrational frequen- 

cies are very small, typically estimated at a slew 
rate of up to 2 urn per ms. This is about 6% of the 
track pitch which is approximately equal to the 
track width for the proposed 10.5 GByte format. 

45 Maximum peak displacements are estimated at 5 
urn. Furthermore, the vibrational noise which oc- 
curs is not random, but strongly related to certain 
characteristic frequencies of the cartridge itself or 
to the capstan wheel. The highest strong frequency 

50 generally lies in the range from 225 to 227 Hz with 
an average peak amplitude of 3.5 urn, with the 
tape speed of 120 IPS. These frequency compo- 
nents of track variations can, therefore, be present 
in all tape drives, as well as in the positions of the 

55 dedicated servo tracks if these were recorded 
when the tape was placed in the cartridge. It is, 
therefore, possible to determine the servo band- 
width and sampling rate and the servo gain re- 
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quired at the critical frequency to follow the vibra- 
tions within a specified small error. However, the 
disturbance itself can be considered as a signal, 
and the necessary maximum bandwidth to store 
this signal spatially in memory is determined by 
the Nyquist criterion. 

Assuming 1.5 times oversampling and a maxi- 
mum frequency of 226 Hz, the number of stored 
data points necessary for a pass duration of 87.5 s 
(875 feet, 120 IPS) is: 226*2*1.5*87.5 = 59,325. 

The actual high-frequency amplitude variations 
are small, approximately +/- 5um. Therefore, only 
the deviations from the track center line need be 
stored. This center line can vary at + /-50 urn with 
respect to the reference tape edge, but this vari- 
ation is of very low frequency, probably less than 1 
Hz, although tape slippage may occur. 

The rate of slippage is probably below 2 
um/ms since the mechanism physically involved is 
not high frequency vibrations, but a transition of the 
tape either up or down the tape rollers or tape 
guides. Therefore, delta modulation can be used to 
encode the positions of the tape edge. Using four 
bits for each sample and a resolution of 1 urn, a 
maximum deviation of +/- 7 urn can be achieved 
from sample to sample. This allows data tracks to 
be followed with widths of approximately 34 urn 
and a read gap width of only 19.5 urn (the pro- 
posed 10.5 GByte QIC standard). Therefore, less 
than 30 kBytes of memory is required to store the 
data for the position of the servo track. The num- 
bers referred to above, however, can vary with the 
type of cartridge used. 

During reading of servo track 0, the tape edge 
detector tracking servo loop is broken, and the 
controller and processor monitor, filter and store 
the position(s) of the tape edge(s) when the head is 
under servo control using inputs from a dedicated 
servo system as shown in Figure 19. 

Referring now to Figure 19, a magnetic read 
head 116 is selected for the input to a servo 
channel comprising a bandpass filter 120, a servo 
demodulator and sample and hold circuit 122, and 
an analog-to-digital converter 124. The signal from 
the magnetic read head 116 is sent through a 
preamplifier 118 before being input to the servo 
channel. 

The A/D converter 124 can be activated from 
the main processor 112 as shown in Figure 19. The 
A/D converter 124 sends data to a control, filtering 
and digital servo processor 112 via the bus shown. 
A clock signal is also input to the A/D converter 
124. 

From the servo demodulator 122, a "reference- 
or-sample signal", R/S*, is sent to the servo pro- 
cessor 100. This ensures that the servo sample is 
divided by the reference level and not vice versa. 



The A/D converter 124 in Figure 19 can also 
be used for other purposes in the read channel, 
such as gain control, read channel adjustments, 
etc. Therefore, the only extra circuitry needed for 

5 compatibility is the bandpass filter 120 and servo 
demodulator and sample and hold circuits 122. 

The read channel shown in Figure 19 reads 
servo track 0 while the other read channels are 
idle. The active read channel contains one single 

w servo detector dedicated to this channel. The sam- 
pled servo outputs and the sampled 100% refer- 
ence levels which vary from time to time are all 
converted to digital form and sent to the control, 
filter and digital filter servo processor 100. The 

rs necessary division between the servo samples and 
the reference samples is performed, and the error 
signal is sent to the head drive motor electronics 
104. The digitizing of the analog sampled servo 
information from the read channel allows the same 

20 digital filter and processor to be used as that used 
by the tape edge tracking servo. Furthermore, the 
digital filter approach facilitates changing of filter 
coefficients in the servo module, that is the phys- 
ical mass of the magnetic recording head 1 1 6 can 

25 vary. Prior to storage of the position of the tape 
edge, the data is filtered according to the neces- 
sary bandwidth requirement to follow the critical 
disturbance frequencies of the tape cartridge. The 
phase information in the signal is preserved, and 

30 any extra delay relative to the tape transport syn- 
chronizing signal (10 kHz) must not be introduced. 
A digital finite impulse response filter (FIR) can 
obtain the desired response since the signal is not 
processed in real time. When the data is used as 

35 input to the servo during the subsequent read 
operations, auxiliary data points are inserted by an 
interpolator module (not shown) to avoid instabil- 
ities due to possible large step inputs to the servo 
reference input. 

40 The method can be used for high-capacity tape 
drives using the tape edge tracking servo which is 
backwards read compatible with formats written 
using dedicated servo bands and tracks. Further- 
more, backwards write compatibility or tape ex- 

45 change compatibility can be obtained by using Pre- 
formatted tapes containing the servo tracks only 
when the tapes need to be distributed to systems 
without the tape edge tracking servo system. 

Although various minor changes and modifica- 

50 tions might be proposed by those skilled in the art, 
it will be understood that I wish to include within 
the claims of the patent warranted hereon all such 
changes and modifications as reasonably come 
within my contribution to the art. 

55 The features disclosed in the foregoing de- 
scription, in the claims and/or in the accompanying 
drawings may, both, separately and in any com- 
bination thereof, be material for realising the inven- 
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tion in diverse forms thereof. 
Claims 

1. An apparatus for controlling the position of a 5 
magnetic head relative to the detection of a 
servo track of a tape, said tape comprising a 
format with at least one dedicated servo track, 
said at least one dedicated servo track cor- 
related with respect to an edge of said tape, to 
comprising: 

a matrix of photodetectors in an integrated 
circuit chip disposed behind said tape wherein 
the position of each photodetector in said ma- 
trix is known from the manufacture of said chip 75 
and each photodetector generates an electrical 
signal corresponding to the intensity of light 
incident thereon; 

illumination means for projecting light on 
said tape and said matrix so that said tape 20 
casts a shadow on said matrix wherein said 
shadow has a transition region at the tape 
edge(s) from light to dark covering a plurality 
of photodetectors in said matrix; 

analyzing means for processing signals 25 
from said photodetectors in said transition re- 
gion to determine the location, relative to said 
known photodetector positions, of a sharpest 
light-to-dark transition wherein the location of a 
servo track of said tape is determined by the 30 
location of said sharpest light-to-dark transition; 
and 

positioning means responsive to the loca- 
tion of said servo track for positioning said 
head relative to said servo track of said tape. 35 

2. The apparatus of claim 1 wherein said at least 
one servo track further comprises: 

an erased or non-recorded portion at fixed 
intervals, each of said erased or non-recorded 40 
sections having an upper edge and a lower 
edge which can be tracked via a servo de- 
modulator and servo system. 

3. The apparatus of claim 2 wherein said posi- 45 
tioning means is responsive to one of said 
edges of said erased or non-recorded section • 
for positioning said head relative to one of said 
edges. 

50 

4. The apparatus of claim 1 further comprising: 

a memory for storing position information rela- 
tive to a tape edge of one of said dedicated 
servo tracks. 

55 

5. The apparatus of claim 4 further comprising: 

a read table for storing position information 
relative to a tape edge of each data track of 



said tape based on said information stored for 
said single servo track. 

6. The apparatus of claim 1 wherein said tape 
further comprises: 

designations for synchronizing counting of 
servo samples along the length of said tape. 

7. The apparatus of claim 1 wherein said mag- 
netic head comprises three channels. 

8. The apparatus of claim 1 wherein said mag- 
netic tape comprises 112 tracks of which 16 
are dedicated servo tracks. 

9. The apparatus of claim 2 wherein said each of 
said erased or non-recorded sections is 1 0 kHz 
when the tape speed is 120 inches per sec- 
ond. 

10. A method for controlling the position of a mag- 
netic head relative to the detection of a servo 
track of a tape, said tape comprising a format 
with at least one dedicated servo track, said at 
least one servo track correlated with respect to 
an edge of said tape, comprising: 

disposing said tape in front of a matrix of 
photodetectors in an integrated circuit chip, the 
position of each photodetector in said matrix 
being known from the manufacture of said 
chip, wherein each photodetector generates an 
electrical signal corresponding to the intensity 
of light incident thereon; 

illuminating said tape and said matrix so 
that said tape casts a shadow on said matrix, 
said shadow having a transition region at the 
tape edge(s) from light to dark covering a 
plurality of photodetectors in said matrix; 

analyzing the signals from said 
photodetectors in said transition region to de- 
termine the location, relative to said known 
photodetector positions, of a sharpest light-to- 
dark transition; 

using the location of said sharpest light-to- 
dark transition as the location of a servo track 
of said tape; and 

positioning said magnetic head relative to 
said servo track of said tape. 

11. The method of claim 10 wherein said analyzing 
step further comprises: 

detecting an erased or non-recorded section of 
each of said servo tracks, said erased or non- 
recorded section recurring at fixed intervals 
and each said erased or non-recorded section 
having an upper edge and a lower edge 
wherein a light-to-dark transition equal to one- 
half of said sharpest light-to-dark transition can 
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be detected at each of said edges. 

12. The method of claim 10 wherein said position- 
ing step further comprises the step of: 

positioning said head relative to one of 5 
said edges of one of said erased or non- 
recorded sections. 

13. The method of claim 10 further comprising the 
step of: 10 
storing position information relative to a tape 
edge of one of said dedicated servo tracks. 

14. The method of claim 13 further comprising the 
step of: is 
storing position information relative to a tape 
edge of each data track of said tape based on 

said information stored for said single servo 
track. 



15. The method of claim 10 further comprising the 
step of: 

synchronizing counting of servo samples 
along the length of said tape; 
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16. The method of claim 11 further comprising the 
step of: 

repeating each of said erase sections at a 
rate of 10 kHz, when the tape speed is 120 
inches per second. 30 

17. The method of claim 10 further comprising the 
step of: 

dedicating 16 servo tracks for said tape, 
wherein said tape comprises 112 tracks. 35 

18. The method of claim 10 further comprising the 
step of: 

providing said magnetic head with three chan- 
nels. 40 

19. The method of claim 15 further comprising the 
step of: 

beginning or ending said synchronizing at 
holes designated in said tape marking data 45 
load point or end of data area. 
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